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Changing oil-wet surfaces towards higher water wettability is of key importance in 
subsurface engineering applications. This includes petroleum recovery from fractured 
limestone reservoirs, which are typically mixed or oil-wet, resulting in poor productivity as 
conventional waterflooding techniques are inefficient. A wettability change towards more 
water-wet would significantly improve oil displacement efficiency, and thus productivity. 
Another area where such a wettability shift would be highly beneficial is carbon geo-
sequestration, where compressed CO2 is pumped underground for storage. It has recently 
been identified that more water-wet formations can store more CO2.  
We thus examined how silica based nanofluids can induce such a wettability shift on oil-wet 
and mixed-wet calcite substrates. We found that silica nanoparticles have an ability to alter 
the wettability of such calcite surfaces. Nanoparticle concentration and brine salinity had a 
significant effect on the wettability alteration efficiency, and an optimum salinity was 
identified, analogous to that one found for surfactant formulations. Mechanistically, most 
nanoparticles irreversibly adhered to the oil-wet calcite surface (as substantiated by SEM-
EDS and AFM measurements). We conclude that such nanofluid formulations can be very 
effective as enhanced hydrocarbon recovery agents and can potentially be used for improving 
the efficiency of CO2 geo-storage. 
1. Introduction 
The unique properties of designed nanoparticles have shown promising applications in a 
diverse range of fields, spanning from medicine,1 drug delivery,2 biology,3 food additives,4 
polymer composite,5 metal ions removal,6 corrosion protection,7 heterogeneous catalysis,8 
and improved surface properties9 to enhanced oil recovery,5,10 on which we focus here. 
In enhanced oil recovery (EOR), one of the main challenges is hydrocarbon production 
from fractured limestone reservoirs. These reservoirs contain more than half of the known 
remaining oil reserves in the world,11 and they are typically intermediate-wet or oil- wet.12 
Secondary recovery (conventional water flooding techniques) is inefficient and productivity 





the oil-wet rock matrix;13 however, most oil is stored in the matrix,12 and as a result only 10-
30% of the oil is recovered.14 
One mechanism, which can significantly improve oil production, is to render the oil- 
(or intermediate-) wet carbonate surfaces water-wet, so that water spontaneously imbibes into 
the rock and displaces the oil from the matrix pore space.15 Several methods have been 
suggested: surfactant flooding,13,14 polymer flooding,16,17 nanoparticle stabilized emulsions,18 
various nanoparticle-surfactant-polymer formulations,19-24 and nanofluids.25-28 Surfactant 
EOR has been tested at field scale, but efficiency proved to be poor.29  However, when 
polymer was used as cosurfactant,  oil recovery was enhanced significantly. 29 The other 
techniques have not been used at industrial scale as far as we are aware. 
Furthermore a wettability change towards more water-wet would be greatly beneficial to 
Carbon Geo-Storage (CCS) projects, where oil-wet rock surfaces lead to dramatically 
reduced storage capacity and containment security.30,31Specifically, higher water wettability 
has been shown to increase residual trapping capacities, at the reservoir scale30, and at the 
core- or pore-scale (e.g. Spiteri et al. 200832, Pentland et al. 201133, Iglauer et al. 201234 and 
Iglauer et al. 201135 versus Chaudhary et al. 201336). Moreover, higher structural trapping 
capacities are predicted for strongly water-wet systems.31 
 
It is thus highly desirable to render such hydrophobic mineral surfaces strongly water-
wet; the key to successful EOR and improved CCS is therefore to find formulations, which 
are very efficient in wettability alteration at very low concentrations (because of economical 
cost). The economic viability of these processes depends on crude oil prices and carbon tax. 
Nanoparticle formulations can meet these requirements as they are active at low 
concentrations (e.g. compare Mahbubul, et al.37), and can migrate through the pore space of 
the reservoir and penetrate into even the smallest pores24 – note that rock matrix pore sizes in 
limestone vary between 0.01-100 µm.38 However, the efficiency of such formulations is a 
complex function of several factors, including the size and type of nanoparticles, nanofluid 
preparation and stability, the nature of the porous medium, thermo-physical and geological 
conditions and dwell time in the reservoir.39, 40 Despite the vital importance for limestone 





limited information is available for carbonate reservoirs: Roustaei and Bagherzadeh 42 
conducted coreflood tests and they demonstrated that nanofluid-EOR can increase oil 
production by 9-17% depending on ageing time, and Zhang, et al.40 have investigated the 
adsorption behaviour of silica nanoparticles on calcite powder.  
We thus examine the wettability alteration efficiency of silica nanofluids on oil-wet and 
intermediate-wet calcite surfaces and how various factors influence this efficiency. All 
experiments were conducted at ambient conditions. At reservoir conditions, however, 
significantly higher pressures and elevated temperatures prevail, and as pressure and 
particularly temperature can affect nanofluid properties28, nanofluid efficiency at reservoir 
conditions may be different to that measured at ambient conditions; furthermore, nanofluid 
efficiency is probably also influenced by rock heterogeneity, which determines nanofluid 
flow and distribution5, 43 throughout the formation.  
 
 
2. Experimental Methodology 
2.1 Materials 
N-decane (> 99mol %, from Sigma-Aldrich) was used as a model oil. N-hexane (> 95mol %, 
from Sigma-Aldrich), nitrogen (> 99.99mol%, from BOC), acetone and methanol (> 
99.9mol%, from Rowe Scientific) were used as cleaning agents. Deionized (DI) water 
(Ultrapure from David Gray; conductivity = 0.02 mS/cm) and sodium chloride (≥99.5 mol%, 
from Scharlan) were used to prepare brines (0-20 wt% NaCl).  
Silicon dioxide nano-powder (porous spheres, Sigma Aldrich) was used to prepare the 
nanofluids (general properties are listed in Table 1). 
Table 1: Properties of silicon dioxide nanoparticles (Sigma Aldrich 2015). 
Particle size [nm] 5-15 
Purity [wt%] 99.5 
Density [kg/m3] (2200-2600) 
Boiling point [K] 2503  











Iceland spar samples (pure calcite, from WARD’S Natural Science) were used as substrates; 
the surface topography of the calcite samples was measured with an atomic force microscope 
(model DSE 95-200), Figure 4, as surface roughness influences wettability 44 and adsorption 
rate of nanoparticles.45 Prior to nano-treatment, all calcite samples were very smooth with 
root mean square (RMS) surface roughness between 18-32 nm.  
Pure calcite, however, is strongly water-wet.14,46 This was confirmed by our contact angle 
measurements on clean substrates (the water contact angle θ was 0°. We note that in the 
literature slightly higher contact angles were reported, probably due to insufficient cleaning. 
47 Consequently, it was necessary to render the calcite surface oil-wet to simulate an oil (or 
CO2 storage) reservoir. To accomplish this, the calcite surfaces were treated with a range of 
silanes:48, 49 hexamethyldisilazane (HMDS), dodecyltriethoxysilane and (3-aminopropyl) 
triethoxysilane (Table 2). We note that previously some researchers used naphthenic acids or 
crude oil for wettability alteration, however, such a wettability change is unstable and leads to 
only weakly water-wet or intermediate-wet surfaces14, rather than clearly oil-wet surfaces. 
 
 
Table 2: Silanes used and their properties (Sigma Aldrich 2015). 









Molecular mass [g/mol] 60.08  



















































































































































































































































































































































































































































































































































































































































































































Figure 1: Silylation of calcite surface56 (after London, et al.53). 
 
Hexamethyldisilazane and dodecyltriethoxysilane were very effective in terms of increasing 
the water contact angle θ. Water advancing contact angles θa (which are relevant for the water 
imbibition process into the small rock capillaries) reached ∼130-140°. The 3-
aminopropyltriethoxysilane was less effective, and mixed-wet substrates were obtained (θ 
∼70°), probably due to the higher polarity of the terminal amine group. We note that the 
measured water contact angles were significantly higher in n-decane than in air, and we 
conclude that tests should be conducted with oil as this is more relevant. As 
dodecyltriethoxysilane altered the surface to the most oil-wet state, we selected this silane for 
all subsequent studies. 
 
Table 3: Water contact angles on silane-modified calcite surfaces (ambient conditions). 













Hexamethyldisilazane 129 120  76 71 
Dodecyltriethoxysilane 141 129  93 88 
(3-aminopropyl) triethoxysilane 73 66  47 39 
 
 





Various nanofluids were tested for their ability to render oil-wet calcite surfaces water-wet. 
These fluids were formulated by homogenizing the silicon dioxide nanoparticles (properties 
are listed in Table 1) in brine with an ultrasonic homogenizer (300 VT Ultrasonic 
Homogenizer/ BIOLOGICS) for 120 min 18. We note that magnetic stirring is insufficient to 
homogenize such fluids.57 Specifically, a titanium micro tip with a 9.5mm diameter was used 
to prepare 100 mL batches of nanofluid using a sonication power of 240W. Each batch was 
sonicated for 8 periods of 15 minutes with 5 minutes rest to avoid overheating. After 
sonication, the nanofluid was stored in a dark and cool environment for 2 hours to ensure 
stability and homogeneity. Different nanoparticle concentrations (0.5- 4wt%) and brine 
salinities (0-20wt% NaCl) were tested; nanofluid and brine densities were measured at room 
conditions (Figure 2) with an Anton Paar DMA 4500 densitometer (accuracy ± 0.0001 
g/cm3). 
The phase behaviour of the nanofluids was monitored by taking photos of the test 
tubes every 30 min in the first 6 hours and every 6 hours over 6 weeks. During this time all 
nanofluids with SiO2 concentrations above 0.5wt% showed stable behaviour. At lower 
nanoparticle concentration, however, and especially at high salinities (≥ 15 wt%), instabilities 
(i.e. nanoparticle flocculation within hours) were observed; this is related to the screening 
effect of electrolytes on the electrostatic repulsion forces between the nanoparticles: high 
electrolyte concentration reduces this repulsive forces,58 which leads to accelerated 
coalescence and sedimentation of nanoparticles after homogenization, particularly at low 




































2.4  Surface modification with nanofluid (Nano-modification) and Contact angle 
measurements 
In order to test the efficiency of the nanofluids in terms of wettability alteration, the oil-wet 
calcite substrates were immersed in the nanofluid at room conditions for prescribed exposure 
times (1-100 h). Subsequently, contact angles were again measured. 
Specifically, advancing and receding water contact angles were measured using the tilted 
plate technique.55 Generally, 6-7µL water drops were dispensed onto the substrate,45 which 
was placed on a metal platform at an inclination angle of 17o. The water contact angles were 
measured just before the drop started to move following the procedure described by Al-
Yaseri et al. (2015)59 The whole process was recorded with a high resolution video camera 
(Basler scA 640–70 fm, pixel size = 7.4 μm; frame rate = 71 fps; Fujinon CCTV lens: 
HF35HA-1B; 1:1.6/35 mm) and θ was measured on images extracted from these movies with 
Image J software. The standard deviation for the θ measurements was ±3° based on replicate 
measurements. The water advancing contact angle is associated with the imbibing water front 
in a reservoir or individual capillary, and θa is thus most important for the applications 
described in this study. We note that θa is a key variable in pore-scale fluid dynamics 
models;60, 61 with which oil production curves or CO2 spreading behaviour in rock can be 
calculated. 
3. Results and discussion 
A shift in rock surface wettability from oil-wet to water-wet is expected to significantly 
increase oil production particularly from fractured formations where spontaneous imbibition 
of water is the prime production mechanism.14,26 Furthermore, significantly higher CO2 
trapping capacities have been predicted for carbon geo-storage projects, if the rock is strongly 
water-wet.30,31 This is true for the structural trapping capacity, where a lower water contact 
angle raises the capillary entry pressure of the caprock, and thus significantly increases the 
column height of CO2, which can be permanently immobilized beneath the caprock
31.  And it 
is also true for the capillary trapping capacity of CO2
62, where lower water contact angles 
lead to more frequent snap-off and trapping of CO2 bubbles (which are trapped in the pore 
network of the rock matrix by capillary forces; cp. Iglauer et al. 201135a versus Chaudhary et 
al. 201336, and Pentland et al. 201133). Here we discuss how application of nanofluids can 






3.1 SEM-EDS and AFM analysis 
Surface modification was probed with a scanning electron microscope (SEM, Zeiss Neon 
40EsB FIBSEM) and energy dispersive x-ray spectroscope (EDS, Oxford X-act SSD x-ray 
detector with Inca and Aztec software). Significant silicon concentrations were detected on 
five points on the sample surface after nano-modification (Table 4), which indicates that 
nanoparticles were rather homogeneously distributed on the surface, consistent with previous 
studies on glass and silicon substrates.7,63 The slight variation of silica concentration is related 
to small perturbations in the nanofluid’s homogeneity and the surface roughness of the 
substrate.40, 64 
 
Table 4: Surface composition of the oil-wet calcite substrates after modification with 
nanofluid (2wt% SiO2 in 20wt% NaCl brine, 12 hours exposure time). 
Point Calcium [wt%] Silicon [wt%] Oxygen wt% 
1 33.4 1.9 64.7 
2 35.2 2.3 62.5 
3 32.6 3.3 64.1 
4 33.4 1.9 64.7 
5 35.2 2.3 62.5 
 
The SEM images revealed significant adsorption of nanoparticles onto the calcite surface; 
and these adsorbed particles partially agglomerated into larger clusters (Figure 3). While the 
original calcite surface was very flat (except a crystal layer edge), exposure to nanofluid 
changed the surface morphology significantly, and an irregularly spreaded coating was 
visible. On all SEM images the irreversibly adsorbed fraction was imaged (i.e. the substrate 






Figure 3: SEM images of an oil-wet calcite surface: a) before; b) after nanofluid 
treatment (4wt% SiO2 in 5wt% NaCl brine, 1 hour exposure time); c) high resolution; 
and d) maximum resolution zoom-into the irreversibly adsorbed silica nanoparticles.  
 
These results are consistent with AFM measurements performed on the nano-treated calcite 
substrates (Figure 4): Higher surface roughness was found on the nano-treated surface: the 
RMS surface roughness increased to 350-3000nm (from 18-32nm) and associated z-ranges 
(i.e. peak heights) increased to 550-5000nm (from 30-300nm). The AFM images also 





    
Figure 4: Atomic force microscopy images of a calcite surface used in the experiments 
before (upper image) and after (lower image) nano-modification. The RMS surface 
roughness before nano-modification was 32 nm, which is very smooth. After nanofluid 
treatment (0.5wt% SiO2 in 10wt% NaCl brine for 4 hr) the RMS surface roughness 
increased to 1300 nm. Different colours refer to variations in height (black: 0nm, white: 
peak height = 640nm [upper image], 1300 nm [lower image]). 
 
3.2    Effect of exposure time on contact angle 
As the surface modification is caused by nanoparticle adsorption (see above), longer contact 
time leads to decreased θ (through increased adsorption), Figure 5 (θ in air decreased from 
77o to 18o after 1 h and to 10o after 3 h exposure time; and θ in n-decane decreased from 122o 
to 30o after 1 h and further to 18o after 3 h exposure time). θ rapidly decreased within the first 
60 minutes of exposure followed by further, but smaller, reduction in θ (Figure 5). After 3h 
exposure time no further change in θ was observed. We conclude that the sample reached 
adsorption capacity after three hours. This is consistent with the trend observed by Roustaei 



































Figure 5: Water contact angles on oil-wet calcite surface in air and n-decane as a function of 
exposure time to nanofluid (2wt% SiO2, 5wt% NaCl brine). 
 
3.3     Adsorption characteristics: reversible versus irreversible adsorption 
Adsorption characteristics related to nanofluid surface modification were further studied as 
this fundamentally influences the success of the application. Of particular interest is the ratio 
between reversibly and irreversibly bonded silica, and thus the stability of nanofluid 
modification. We therefore exposed the nano-modified calcite surface to various solvents:  
1- Oil-wet calcite surface [not nano-modified] 
2- Nanofluid 
3- Nanofluid and DI water 
4- Nanofluid, acetone, and DI water 
5- Procedure 4 followed by second rinsing with acetone and DI water  
After each step, the substrate was dried with N2 gas, and the advancing and receding contact 

































Figure 6: Water contact angles on: 1) oil-wet calcite surface in air and n-decane; 2) after 
nano-modification (2wt% SiO2, 20wt% NaCl brine, 1 hour exposure time); 3) DI water; 4) 
acetone; 5) 2nd acetone and water rinse.  
 
Most nanoparticles were bonded irreversibly, which is in agreement with observations for 
sandstone surfaces.26 Quantitatively, the total difference in contact angle after removal of the 
reversibly bonded nanoparticles was ∼15°, which is smaller than the drastic reduction caused 
by the nanofluid itself (-98o). Mechanistically, it is likely that the silica nanoparticles 
chemisorbed onto the surface (on patches which were not modified by the silane and thus 
contained surface silanol groups 65; such silanol groups probably strongly interacted with the 
silanol groups on the silica particle surface, this has also been observed in recent formation 
damage studies, Al-Yaseri et al. 2015 66). These adsorption effects were observed with AFM 
and on SEM images, see above. 
  
3.4      Effect of electrolyte concentration on contact angle 
It is well known that the electrolyte concentration significantly influences nanofluid 
properties;7,58 and at the same time it is well established that the salinity of formation brine 
can vary greatly and can reach very high levels.34 It is thus necessary to investigate the effect 
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Figure 7: Water contact angles on nano-modified calcite surface in air and n-decane as a 
function of brine salinity (2wt% SiO2, 1 hour exposure time).  
 
We therefore systematically measured θ as a function of NaCl concentration; θ was high for 
DI water (100-125° for n-decane), and much lower for all tested brines (40-50° in n-decane), 
Figure 7.  θ reached a minimum at 3wt% NaCl concentration, which implies that there is an 
optimum salinity similar to that found in surfactant formulations.67, 68 In case of the 2wt% 
SiO2 nanofluid, optimal NaCl concentrations ranged between 3-8 wt% (Figure 7). Salinity 
thus plays a crucial role in wettability alteration by nanofluid. Nanofluid treatment had a 
significant effect on the contact angle in DI water (θ reduction by 17.5°), but this effect was 
massively enhanced when electrolytes were present (reduction of θ by 95° in case of 3wt% 
NaCl brine). 
This behaviour is related to the stability of the dispersed nanoparticles, which is controlled by 
their surface charge (note that the zeta potential for silica nanoparticles is around -45 mV for 
the pH range 6-10; Metin, et al.69). This negative surface charge creates electrostatic 
repulsion forces, which prevent nanoparticle agglomeration24 and sedimentation. Electrolytes 
weaken the net repulsion forces between the nanoparticles and thus accelerate the 
precipitation of nanoparticles onto the calcite surface.58 As a consequence, increasing 





wt% NaCl) the repulsion forces are dramatically reduced 24, which increases the rate of 
agglomeration between these particles7 and slightly reduces efficiency (Figure 7). 
 
3.5         Effect of nanoparticle concentration in nanofluid 
While higher nanoparticle concentrations are expected to be more efficient (i.e. reduce θ 
more and faster, Roustaei and Bagherzadeh 42), it is vital from an economical perspective that 
costs are minimized, and typically only small amounts of additives are profitable (e.g. 
Iglauer, et al.35,68, 70). Thus, it is necessary to determine the smallest effective nanoparticle 
concentration. Furthermore, high concentrations of nanoparticles (>3 wt%) may reduce 
reservoir permeability,5 which should be avoided. In this study we found that nanoparticle 
concentration at 1 wt% changed the oil-wet surface (initially θ = 120°) into a weakly water-
wet state (θ = 60°), and into a strongly water-wet state at 2wt% nanoparticle concentration (θ 




Figure 8: Water contact angles on nano-modified calcite surface in air and n-decane as a 































Moreover, a threshold value (∼2wt% silica concentration) was observed, above which θ did 




3.6 Nanofluid-rock re-equilibration processes 
Here we tested whether repeated nanofluid usage changes its effectiveness. Such a scenario 
with constantly re-equilibrating fluid-rock interactions simulates the leading edge of the 
nanofluid flood in the formation, and associated adsorption-desorption-transport phenomena 
need to be considered. No significant differences in contact angle were observed for fresh 
























Figure 9: Differences in water contact angle between fresh and used nanofluid (0.5wt % SiO2, 




Hydrocarbon production from fractured, oil-wet limestone reservoirs is a big challenge as 
conventional recovery techniques are inefficient,71, 72 mainly due to water not spontaneously 
imbibing into the oil-wet rock matrix. Production would, however, be dramatically increased, 
if the rock matrix could be rendered water-wet (so that water can spontaneously imbibe and 





in carbon geo-sequestration projects to increase storage capacities and de-risk containment 
security 30, 73. Despite the vital importance for limestone reservoirs, previous studies focused 
on sandstone formations,21,25,26,28,41 and only limited information is available for carbonate 
reservoirs.40, 42 
It is therefore now necessary to better understand the fundamental characteristics of 
nanofluid-carbonate interactions and how wettability is affected; thus we investigated the 
wettability alteration efficiency of various nanofluids on oil-wet carbonate. 
Tested parameters included nanoparticle concentration, nanofluid salinity, surface 
modification time, and reversibility of nanoparticle adsorption as these variables have been 
previously shown to affect nanofluid treatment performance.24,26,40, 42 
We found that nanofluids can change the wettability of oil-wet calcite to strongly water-wet 
under condition.  Exposure time played a major role, and after ∼1 hour, most of the wettability 
change was achieved, consistent with the results of Roustaei and Bagherzadeh.40 It was 
furthermore observed that nanoparticle adsorption was mainly irreversible, although a 
partially reversible behaviour was measured after washing the surface with acetone and/or DI 
water. The minimum effective nanoparticle concentration was 1-2wt%, consistent with data 
reported for clay (Shamsijazeyi, et al.5). Moreover, an optimum salinity range was detected 
(3-8wt % NaCl concentration), similar to the optimum salinity in surfactant formulations.67, 68 
We note that pressure and particularly temperature can significantly affect nanofluid 
properties 28, thus nanofluid behaviour and efficiency at reservoir conditions may be 
different; furthermore nanofluid efficiency is also likely affected by rock heterogeneity, 
which influences nanoparticle transport within the solid matrix43. 
Technically, nanofluid would be injected through the wellbore and hydraulically pressed into 
the fractures. From there the particles diffuse into the pore matrix74 or they are pumped 
deeper into the formation by the viscous pressure gradient. 
 
Overall, we conclude that nanofluids can be very efficient in terms of wettability alteration. 
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Materials      
• Calcite surface preparation (surface cleaning and modification with silane). 
• Preparation of nanofluids (different nanoparticles concentration in different 
brine concentration). 
• Surface modification with nanofluid and contact angle measurements 









RESULTS AND DISCUSSION 
• SEM and AFM images (Images taken before and after nano-modification) and 
EDS analysis (data have taken after nano-modification of the surface).   
• Effect of exposure time on contact angle (contact angle was measured after 
different immersing time to investigate the effect of nanoparticles of the 
surface wettability with time). 
• Adsorption phenomenon of nanoparticles on the surface (calcite surface was 
treated with different fluids after nano-modification to investigate the 
reversibility of adsorption process).     
• Effect of brine concentration on contact angle (NaCl concentration was 
ranged between (0-20wt%) to investigate the effect electrolyte concentration 
on nanoparticles precipitation.    
• Effect of nanoparticle concentration on contact angle (Nanoparticle 
concentration was ranged between (0-4wt%) to investigate the effect of silica 
nanoparticle concentration on contact angle.  
• Efficiency of used nanofluid (Sustainability of silica nanoparticles was tested 
by measuring the contact angle after surface modification with fresh and pre-
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